Foxg1 is required for development of the ventral telencephalon in the embryonic mammalian forebrain. Although one existing hypothesis suggests that failed ventral telencephalic development in the absence of Foxg1 is due to reduced production of the morphogens sonic hedgehog (Shh) and fibroblast growth factor 8 (Fgf8), the possibility that telencephalic cells lacking Foxg1 are intrinsically incompetent to generate the ventral telencephalon has remained untested. We examined the ability of Foxg1 -/-telencephalic cells to respond to Shh and Fgf8 by examining the expression of genes whose activation requires Shh or Fgf8 in vivo and by testing their responses to Shh and Fgf8 in culture. We found that many elements of the Shh and Fgf8 signalling pathways continue to function in the absence of Foxg1 but, nevertheless, we were unable to elicit normal responses of key ventral telencephalic marker genes in Foxg1 -/-telencephalic tissue following a range of in vivo and in vitro manipulations. We explored the development of Foxg1 -/-cells in Foxg1 -/-Foxg1 +/+ chimeric embryos that contained ventral telencephalon created by normally patterned wild-type cells. We found that Foxg1 -/-cells contributed to the chimeric ventral telencephalon, but that they retained abnormal specification, expressing dorsal rather than ventral telencephalic markers. These findings indicate that, in addition to regulating the production of ventralising signals, Foxg1 acts cell-autonomously in the telencephalon to ensure that cells develop the competence to adopt ventral identities.
INTRODUCTION
Two major components of the mammalian forebrain, the cerebral cortex and the basal ganglia, develop from the dorsal and ventral parts of the embryonic telencephalon. The telencephalon arises at the rostral end of the neural tube and its dorsal and ventral domains are patterned by the activities of a number of secreted molecules produced by surrounding signalling centres (Danesin et al., 2009; Hebert, 2005; Hebert and Fishell, 2008; Rallu et al., 2002a; Sur and Rubenstein, 2005; Wilson and Houart, 2004) . Sonic hedgehog (Shh) is produced ventrally, fibroblast growth factor 8 (Fgf8) is produced rostrally and a number of bone morphogenetic proteins (Bmps) and Wnt proteins are produced caudo-medially. These signalling molecules activate the graded expression of transcription factors that control many aspects of the subsequent development of telencephalic cells, including their molecular and cellular identities.
The transcription factor Foxg1 is essential for normal telencephalic development. Foxg1 -/-mutant mice die perinatally with a severely hypoplastic telencephalon comprising dorsal, but not ventral, tissue Xuan et al., 1995) . Previous studies have focused mainly on defects in the residual dorsal telencephalon, revealing defects of progenitor proliferation, cell differentiation, progenitor patterning, signalling molecule expression and specification of neuronal subtypes (Ahlgren et al., 2003; Bourguignon et al., 1998; Dou et al., 1999; Hanashima et al., 2007; Hanashima et al., 2004; Hanashima et al., 2002; Hardcastle and Papalopulu, 2000; Hebert and Fishell, 2008; Muzio and Mallamaci, 2005; Xuan et al., 1995) . Examining possible causes of the failure of ventral telencephalic development is much harder because ventral telencephalon is not detectable even at very early ages Xuan et al., 1995) . Foxg1 is one of the earliest transcription factors to be expressed in the part of the neural plate from which telencephalon develops. One hypothesis proposed to explain the requirement of Foxg1 in ventral telencephalic development is that Foxg1 is needed for normal production of Fgf8 (Hebert and Fishell, 2008) . This suggestion is based on research showing that Fgf signalling is required for normal ventral telencephalic development (Gutin et al., 2006; Storm et al., 2006) coupled with the observation that rostral telencephalic Fgf8 expression is reduced in Foxg1 -/-embryos . In addition, Shh expression, an important player in ventral telencephalic development (Fuccillo et al., 2006a; Fuccillo et al., 2004) , is reduced in Foxg1 -/-telencephalon (Huh et al., 1999) . Although it is reasonable to suppose that reduced levels of telencephalic Fgf8 and Shh would selectively impair ventral telencephalic development, the extent to which they account for the phenotype of mouse embryos lacking Foxg1 is unknown. The likelihood that Foxg1 has other actions essential for normal mammalian ventral telencephalic development is strongly supported by a recent study in zebrafish indicating that Foxg1 is required downstream of Hedgehog activity for the acquisition of ventral telencephalic identity (Danesin et al., 2009 -/-cells contributed to the chimeric ventral telencephalon, but the mutant cells were specified abnormally, expressing dorsal rather than ventral telencephalic markers. These findings indicate that, in addition to regulating production of ventralising cues, Foxg1 has a crucial cell-autonomous function, giving telencephalic cells the competence to adopt ventral identities.
MATERIALS AND METHODS

Animals
Foxg1
-/-embryos were generated by intercrossing Foxg1 +/-mice +/+ embryos for aggregation were from (BALB/c ϫ A/J) F 2 intercrosses. Embryos were collected from superovulated females and aggregated (West and Flockhart, 1994) . The two morulae for aggregation differed at the Gpi1 locus (encoding glucose phosphate isomerase). Aggregated embryos were cultured overnight, transferred to recipient pseudopregnant females and recovered at embryonic day 12.5 (E12.5). The genotype of each chimera was determined by PCR The global contribution of each morula to the chimera was estimated using Gpi1 electrophoresis (West and Flockhart, 1994) .
Explant cultures
E10.5 embryos were dissected in ice-cold Earle's balanced saline solution (EBSS). Foxg1 -/-embryos were distinguished by their eye and telencephalic defects. Explants were dissected and cultured on Falcon inserts (0.4 m pore size, Becton Dickinson) in wells containing defined culture medium with 10% foetal bovine serum. For dose-response experiments, a minimum of three explants were pooled and cultured with 0, 5, 20 or 50 nM Shh (recombinant mouse Shh-N, R&D Systems) or with 0, 0.42 or 4.2 nM Fgf8 (recombinant mouse Fgf8b, R&D Systems). After 24 hours, explants were harvested and RNA was extracted for qRT-PCR analysis. For induction with Shh-coated beads, 1 hour after placement on an insert, 3-6 Affi-gel blue beads (100-200 mesh, Bio-rad) soaked either in 25 M Shh-N or 0.1% BSA were placed on the explants, which were then cultured for 24-36 hours. Explants were fixed in 4% paraformaldehyde.
In situ hybridisation
Antisense RNA probes for Ptc1, Fgfr1, Fgfr3, Sprouty2 (Spry2 -Mouse Genome Informatics), Mest and Etv5 were digoxigenin-labelled. In situ hybridisations were on 10 m paraffin sections (Christoffels et al., 2000) .
Immunohistochemistry
Immunohistochemistry was carried out as previously described . The primary antibodies used were: anti-Pax6 [Developmental Studies Hybridoma Bank (DSHB)], anti-Ngn2 (Lo et al., 2002) , anti-betagalactosidase (-gal) (Molecular Probes), anti-Gsh2 (Toresson et al., 2000) , anti-Islet1 (DSHB), anti-Mash1 (BD Bioscience), anti-Nkx2.1 (Abcam), anti-calbindin (Sigma), anti-Olig2 (Ligon et al., 2004), anti-Tbr1 and antiTbr2 (Englund et al., 2005) , anti-pan-Dlx (Hevner et al., 2004) , anti-cyclin D1 (Novocastra) and anti-p21 cip1 (BD Pharmingen).
Western blotting
Western blot analysis of Gli3 expression in the telencephalon of E12.5 control, Foxg1 -/-and Gli3 -/-embryos was performed as in Fotaki et al. (Fotaki et al., 2006) .
Reverse transcriptase PCR (RT-PCR) and quantitative RT-PCR (qRT-PCR)
RNA was extracted from embryonic tissues (RNEasy Mini Kit, Qiagen). cDNA was synthesised from the RNA template using M-MLV (Promega) or Sensiscript (Qiagen) reverse transcriptase and random hexanucleotide primers. PCR on the cDNA template used gene-specific primers (see Table  S1 in the supplementary material). 'No RT' and 'no cDNA' controls were included where appropriate and in all cases were negative. For qRT-PCR, Quantitect SYBR Green PCR reagents (Qiagen) were used on an Opticon single wavelength PCR machine (MJ Research). All primers spanned introns. Expression levels of genes of interest were normalised to the expression of -actin or Gapdh. Following normalisation, expression levels for each gene were expressed as a ratio to normalised levels of a control group (wild-type telencephalon for expression analyses or untreated samples for Shh and Fgf8 induction analyses). For expression analyses, each qRT-PCR reaction was run in triplicate on cDNA from at least three independent RNA extracts. For morphogen dose-response analyses, each qRT-PCR was performed on a minimum of three samples from independent cultures (11-15 control and 6-8 Foxg1 -/-samples for Shh induction analysis;
four control and three Foxg1 -/-samples for Fgf8 induction analysis)
RESULTS
The hedgehog (Hh)/Gli pathway is active in the Foxg1 -/-telencephalon In normal mouse embryogenesis, Shh signalling through the Hh/Gli pathway is essential for the development of the ventral telencephalon: ventral telencephalic cell types are lost in embryos lacking Shh or its obligate cell surface transducer smoothened (Smo) (Chiang et al., 1996; Corbin et al., 2003; Ericson et al., 1995; Fuccillo et al., 2004; Fuccillo et al., 2006b; Hebert and Fishell, 2008; Ohkubo et al., 2002; Rallu et al., 2002b; Zaki et al., 2005) . In Foxg1 -/-embryos, telencephalic exposure to Shh is likely to be abnormally low (Huh et al., 1999) (Fig. 1D,E) . As Ptc1 expression is dependent on Hh signalling (Goodrich et al., 1996; Wijgerde et al., 2002) , this finding indicates that at least some ventral Hh signalling is retained in Foxg1 -/-embryos, although the level of expression of Ptc1 determined by qRT-PCR is lower than in wild-type ventral telencephalon (Fig. 1B) . Gli1, whose expression is also activated by and requires Hh signalling (Bai et al., 2002; Bai et al., 2004; Lee et al., 1997) , is expressed in Foxg1 -/-mutant telencephalon (Fig. 1A) .
The Hh target Nkx2.1 (Ruiz i Altaba, 1998; Vokes et al., 2007) is absent in Foxg1 -/-telencephalon (Fig. 1A) . These results indicate that many components of the Hh signalling pathway are active in the Foxg1 -/-telencephalon, albeit with evidence of impaired activation, whereas others such as Nkx2.1 are lost.
Gli3 processing is altered in Foxg1
-/-telencephalon but this is unlikely to account for most of the ventral defects As the telencephalon is likely to be exposed to reduced levels of Shh (Huh et al., 1999) , which might explain the reduced expression of Ptc1 in the Foxg1 -/-telencephalon (Fig. 1B) , we RESEARCH ARTICLE Development 137 (3) predicted alterations in the expression and processing of the transcription factor Gli3. A primary action of Hh signalling in patterning the ventral neural tube involves antagonism of the ability of Gli3 to repress ventral gene expression. This is achieved in two ways. First, exposure to Shh can decrease transcription of Gli3 Ruiz i Altaba, 1998; Schweitzer et al., 2000) . Second, Shh inhibits the post-translational cleavage of the Gli3 protein (Bastida et al., 2004; Wang et al., 2000) : the cleaved form (Gli3-CL) is thought to act as a repressor required for development of dorsal telencephalon (Jacob and Briscoe, 2003; Quinn et al., 2009; Rash and Grove, 2007; Wang et al., 2000) .
Results from wild-type embryos in Fig. 1C ,F confirmed lower levels of Gli3 transcript and Gli3 protein in ventral than in dorsal embryonic telencephalon, supporting previous data (Fotaki et al., 2006; Nery et al., 2001; Sussel et al., 1999) , and the abundance of Gli3-CL relative to that of full-length Gli3 (Gli3-FL) was lower in ventral telencephalon (average ratio1.33:1, n8) than in dorsal telencephalon (average ratio2.75:1, n7). (Lu et al., 2000) ], caused downregulation of Gli3 and had no effect on expression of Mash1 [a proneural gene normally expressed at relatively low levels in dorsal telencephalon compared with high levels in ventral telencephalon (Fode et al., 2000) ]. In Foxg1 -/-telencephalic explants, Shh application upregulated Ptc1, Gli1 and Olig2 and downregulated Gli3, as in wild-type explants, but significantly RESEARCH ARTICLE Foxg1 regulates ventral telencephalic fate ) telencephalic extracts. Gli3 is present in full-length (Gli3-FL; ~190 kD) and cleaved (Gli3-CL: ~80 kD) forms in all except Gli3 -/-extracts; average ratios between the two forms are shown (n values are numbers of blots). Scale bar: 250 m.
downregulated Mash1 (Fig. 2C,D) . Using this experimental paradigm we were unable to induce consistent, statistically significant upregulation of the ventral telencephalic marker Dlx2 in either wild-type or Foxg1 -/-explants (data not shown).
We did succeed in inducing Dlx2 and Mash1 expression in wildtype explants when Shh was delivered for 24-36 hours from beads soaked in a 25 M solution of recombinant Shh (Fig. 3A,D ; 17/18 explants showed induction), as has been demonstrated previously (Kohtz et al., 1998; Kuschel et al., 2003) . Induction was seen around the beads (Fig. 3D) (Gutin et al., 2006) and Fgf8 has a prominent role in this process (Storm et al., 2006 (Gutin et al., 2006) . We tested whether defects in Fgf responsiveness might contribute to the loss of ventral cell types in Foxg1 -/-telencephalon. We first examined the expression of Fgf8 signalling pathway components (Fig. 5) . We examined the expression of Fgfr1, which is thought to be the main Fgf8 receptor in the early telencephalon (Gutin et al., 2006) , and that of Fgfr3 as it is the highest affinity receptor for Fgf8 (Chellaiah et al., 1999; Ornitz et al., 1996) , although its function in the early telencephalon is unclear (Gutin et al., 2006) ; we found that Fgfr3 (Fig. 5A,B) and Fgfr1 (Fig. 5G,H) are expressed throughout both wild-type and Foxg1 -/-telencephalon, with higher levels expressed dorsally for Fgfr3 (Fig. 5A,B) . We examined the expression of known targets of Fgf8 signalling. The sprouty 2 gene (Spry2) is induced by Fgf8 signalling (Chambers and Mason, 2000) and is expressed in the early telencephalon (Zhang et al., 2001) , where its expression requires Fgf8 signalling (Storm et al., 2003) . We found that Sprouty2 is expressed throughout the telencephalon of Foxg1 -/-embryos as in wild-types (Fig. 5I,J) . Mest (Peg1) encodes a highly conserved enzyme of unknown
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+/+ control chimeras the two cell types were intermingled throughout the telencephalon even in cases where one cell type dominated (see Fig. S2D in the supplementary material) . The segregation in experimental chimeras suggested a difference in the identities of the two cell types.
For each chimera, the overall percentages of cells derived from the Foxg1 -/-embryo (in experimental chimeras) or the Foxg1 +/-embryo (in control chimeras) were estimated by quantitating the Gpi1 isozyme composition of the upper body (West and Flockhart, 1994) , where Foxg1 is not expressed and its absence would be expected to have little or no effect on the contribution of either cell type. Fig. S3 in the supplementary material). In experimental chimeras, however, proportions of -galactosidaseexpressing Foxg1 -/-telencephalic cells were about a third of the percentages of Gpi1b (see Fig. S3 in the supplementary material), indicating that although Foxg1 -/-cells contribute to both ventral and dorsal telencephalon, they are significantly under-represented to similar extents in both.
Telencephalic cells require Foxg1 cellautonomously to adopt ventral identities
We examined the expression of the transcription factors Olig2, Gsh2 and Mash1, ventral progenitor markers expressed in both LGE and medial ganglionic eminence (MGE), and Nkx2.1, whose expression is restricted to the MGE (Fig. 7A) . Foxg1 -/-cells in chimeric telencephalon consistently failed to express any of these ventral progenitor markers, whereas surrounding wild-type cells in experimental chimeras and wild-type and Foxg1 +/-cells in control chimeras expressed them appropriately (Fig. 7B-M) . We examined the expression of two markers of differentiating neurons derived from the ventral telencephalon, Islet1 and calbindin. Islet1 marks differentiating striatal projection neurons and cholinergic interneurons (Stenman et al., 2003; Wang and Liu, 2001) , and calbindin marks GABAergic interneurons (Anderson et al., 1997) . The vast majority of Islet1-expressing telencephalic cells in Foxg1 -/-Foxg1 +/+ experimental chimeras were wild-type (negative for -galactosidase) ( Fig. 7N-P telencephalic sections (Fig. 7T, arrows) (Fig. 8H-J) , but did not express Ngn2 (Fig.   8B ), Tbr1 or Tbr2 (data not shown). Ectopic expression of dorsal markers in the ventral telencephalon was seen only in Foxg1 -/-cells, indicating that the Foxg1 -/-cells did not alter the specification of surrounding wild-type cells in a cell-nonautonomous manner. These findings suggest that Foxg1 is required cell-autonomously for ventral telencephalic suppression of Pax6 expression and for suppression of Tbr1 and 2 and Ngn2 expression in the LGE, although not in the MGE. We also examined expression of cyclin D1 and p21 cip1 in chimeras. Cyclin D1, an early target of Shh signalling in neural progenitors (Kenney and Rowitch, 2000; Oliver et al., 2003) , is expressed in a ventral high to dorsal low gradient in wild-type telencephalon but was not detectable by immunohistochemistry in Foxg1 -/-telencephalon (see Fig. S4A ,B in the supplementary material). In Foxg1 -/-Foxg1 +/+ chimeras, many Foxg1 -/-ventral telencephalic cells expressed cyclin D1, as did surrounding wildtype cells (see Fig. S4C -G in the supplementary material). In normal embryonic dorsal telencephalon, p21 cip1 is expressed in the mantle layer of the medial wall only, whereas in Foxg1 -/-embryos p21 cip1 is expressed more widely throughout the mantle layer of the dorsal telencephalon (Seoane et al., 2004) . We found that p21 cip1 is not upregulated in Foxg1 -/-telencephalic cells in chimeras, but remains restricted to cells in the mantle layer of the medial wall only, as in wild-types (see Fig. S4H -K in the supplementary material). 
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DISCUSSION
Foxg1 is required for normal embryonic development of the ventral telencephalon Xuan et al., 1995) . Previous work showed that embryos lacking Foxg1 have reduced telencephalic expression of two signalling molecules crucial for the specification of ventral telencephalic cell types, Fgf8 and Shh, and suggested that lack of these molecules might account for the lack of ventral telencephalon in Foxg1 -/-embryos (Huh et al., 1999; Martynoga et al., 2005;  reviewed by Hebert and Fishell, 2008) . We have now examined the competence of telencephalic cells lacking Foxg1 to develop ventral cell types. Our new data indicate that telencephalic cells lacking Foxg1 have a cell-autonomous inability to express many ventral marker genes and to repress many dorsal marker genes even though they do show some responses to Shh and Fgf8. These findings imply that the profound loss of ventral cell types in the Foxg1 -/-telencephalon is due not only to a reduced production of ventralising signals but also to an intrinsic inability of telencephalic cells to express normal ventral molecular phenotypes, as a result of defects downstream of many of the cell responses to Shh and Fgf8. Our findings strongly support recent findings in zebrafish that Foxg1 is required downstream of Shh for the development of ventral telencephalic identities (Danesin et al., 2009 Previous work showed that the telencephalic actions of Shh are mediated by Gli3: Shh inhibits the cleavage of Gli3 into its repressor form (Gli3-CL) and Gli3-CL inhibits the expression of Shh targets (reviewed by Fuccillo et al., 2006; Hebert and Fishell, 2008) . We found an overabundance of Gli3-CL in the Foxg1 -/-telencephalon.
The most probable explanation for this is the reduced exposure of the telencephalon to Shh in Foxg1 -/-embryos (Huh et al., 1999 Previous work showed a reduction in the expression of Fgf8 in its rostro-ventral telencephalic domain in Foxg1 -/-embryos aged E9.5
and older . Fgf signalling is essential for the generation of ventral telencephalic cell types and there is evidence that it patterns the ventral telencephalon in a dose-dependent manner (Gutin et al., 2006; Shanmugalingam et al., 2000; Shinya et al., 2001; Storm et al., 2006; Walshe and Mason, 2003 (Sansom et al., 2005; Storm et al., 2003) . Overall, these findings indicate that the levels of Fgf8 and Shh available to telencephalic cells in Foxg1 -/- embryos are sufficient to activate many of their target genes.
Failed ventral telencephalic gene expression in the absence of Foxg1
We tested the possibility that elevated levels of Gli3-CL in Foxg1 LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; POA, pre-optic area. Scale bar: 50 m.
Foxg1
-/-embryos reported previously Xuan et al., 1995) LGE) of control chimeras: Tbr2 is absent from the LGE of control chimeras and the small number of Tbr1-expressing cells in the mantle zone are also observed in wild-type LGE and have probably migrated from the dorsal telencephalon (Hevner et al., 2003; Hevner et al., 2001) . For each staining, the approximate location of the field of view is indicated by the asterisk in the schematic. CTX, cerebral cortex; HEM, cortical hem; MGE, medial ganglionic eminence; POA, pre-optic area. Scale bar: 50 m.
cell lines, Foxg1 can bind to the Smad3-Smad4-FoxO complex to inhibit its transcriptional activity, including its activation of p21 cip1 (Seoane et al., 2004) . This suggests that the expanded domain of p21 cip1 expression in Foxg1 -/-embryos might require higher levels of activation from overexpressed Tgf family members than is achieved in the chimeric telencephalon, where many cells are wildtype. Exploration of interspecies differences in the telencephalic actions of Foxg1 is likely to be fruitful as zebrafish embryos do not show telencephalic upregulation of Bmp expression in response to depletion of Foxg1 (Danesin et al., 2009 ).
